INTRODUCTION
A "two-beam accelerator" (TBA) has been proposed[l] as a device capable of achieving high accelerating gradients required for the next generation linear colliders. One possible configuration is to use a standing-wave free-electron laser (SWFEL) [2, 3] as a power source for the high gradient structure in a TBA. In this device, irises are placed along the FEL wiggler to form a series of microwave cavities, and induction cells are placed between cavities to reaccelerate the beam (see Figure 1 ). The standing-wave signal that builds up in the cavities as the beam passes through is coupled to a parallel high-gradient radio-frequency accelerator.
The SWFEL has been studied in some detail in earlier papers [2] [3] [4] [5] . In this paper, we study the discrete-cavity model introduced in Ref. [5] in greater detail.
First, we introduce a new feature by putting drifts between cavities. Using this additional degree of freedom, we obtain an equilibrium solution for a well-bunched beam. Finally, we perform sensitivity studies around this equilibrium.
EQUILIBRIUM SOLUTION
Previously, an equilibrium solution was obtained [3] for a well-bunched beam in the continuous model of the SWFEL by linearizing the equations of motion. In this section, we obtain a general equilibrium solution (again for a well-bunched beam) using the full nonlinear set of equations. Moreover, this equilibrium solution does not assume small cavity lengths.
We start with the one-dimensional equations of motion in a discrete cavity model of the SWFEL. Since the model and the equations of motion have been discussed in detail elsewhere [5] , we restrict ourselves to a brief description. The discrete-cavity model takes into account time-of-flight effects within the cavity and applies the reacceleration field only between cavities, where the ponderomotive force is absent. As in previous SWFEL models, only a single signal frequency is considered.
Within a cavity, we solve the conventional wiggle-averaged FEL equations.
Denoting the particle phase (k s + kw)z -wst by OJ, the particle energy by Ij, and taking z to be the independent variable, the equations are given as follows
Here all and ¢> denote the field amplitude and field phase respectively. The coupling coefficient D x is given by (4) where e= waa~/(8ckw'YJ). The coefficient TJ is given by (5) The full interaction of the electron beam with the SWFEL structure can be represented symbolically by the following recursion relations:
Here, () and 'Yare n-vectors where n is the number of particles in a bunch. is equal to the number of bunches that pass through by the time the forward traveling radiation field makes a round trip within a cavity (see Ref. [5] for further details):
Here, L c is the length of the cavity and the signal wavelength >.& is the average separation between electron bunches.
We are now in a position to derive an equilibrium solution. In a discretecavity model, an equilibrium solution is a solution where all the cavities behave in an identical fashion. The equilibrium is derived for a well-bunched beam i.e. 8
and I in Eqs. (6) and (7) are now scalars representing the average particle phase and average energy of an electron bunch. First, we modify the discrete-cavity model by introducing a drift space after each cavity. All drift spaces are taken to be identical to one another. The drift space is designed as follows. Consider the first bunch of electrons traversing the first cavity. By the time it exits the cavity, its 8 would have changed by a finite amount, say~8. The drift space is designed such that it exactly compensates for this change. That is, the particle phase changes by an amount -DJ) when passing through the drift. When the drift spaces are incorporated into our model, Eq. (6) is modified as follows
Since we cannot change the drift length from bunch to bunch we have to ensure that all bunches undergo the same change~8 in the first cavity. Only then will the 8 correction scheme work for all bunches. This is achieved by choosing the input energy Ik,l such that the following condition is satisfied
Next, we choose the reaccleration field such that it restores the energy lost by a bunch in a cavity i.e.
V k and I. The above equilibrium solution only fixes the input value of one variable -,.
The input values of the remaining variables are determined as follows. It is well known that multi-particle stability arguments favour a. value of the equilibrium ponderomotive phase t/J (= 0 + </» close to zero. However, other considerations like sensitivity to detuning (see the next section for further details) favour a t/J close to 1r /2. As a compromise, we typically take t/J to be a. constant equal to 1r/3. This fixes Ok,l:
We still have to fix </>1,1 and (a., h,l' Usually, </>1,1 is taken to be zero. To reduce sensitivity to detuning (see next section), (as)I,l is taken to be as high as is practically possible.
For long cavities, it is not possible to give an analytic expression for the equilibrium solution. However, this is possible for very short cavities where the continuous model is valid. This is the subject of our next subsection. (1)- (3) and (6)- (9), we obtain the following results (assuming
Substituting the above expressions into Eqs. (7)- (9) and (11), we can convert them into the following differential equations:
(21)
Here, z denotes the longitudinal distance along the device, E z is the external reacceleration field, and s denotes the normalized distance from the beam head.
The quantity /:).() is the change in () per unit length for the first electron bunch:
Here we have assumed that the first electron bunch comes in with the resonant energy IT and the ponderomotive phase 'l/;(s = 0). The field coupling coefficient r/ is given as follows:
6 (24) where L b is the length of the beam.
For an equilibrium solution, we require 0 and 1 to be z-independent. Denoting the equilibrium values by a subscript 0, we obtain the following result from Eq.
(19): 
Before we can proceed further, we have to fix 0 0 (8), which is a free parameter.
To simplify calculations, we choose it as follows [ef. Eq. (14)]
That is, the equilibrium ponderomotive phase tPo is a constant independent of s. A. Studies using short cavities
In this subsection, we numerically study a SWFEL using short FEL cavities.
Length of each cavity is taken to be A,. In this case, our model of the SWFEL reduces to the continuous model introduced earlier [3] (other than for the drifts).
All studies are performed around the equilibrium solution described in the previous section. This equilibrium is achieved in our numerical simulations by varying the input beam energy according to Eq. (25) and by fixing the drift lengths using Eq. (23). For the parameters given in Table 1 Figure 3) . We repeat the calculation using many particles. In this case, the average input ' Y is given by Eq. (33). Again, the phase fluctuations are manageable (d. The above argument also suggests that we can reduce 4> fluctuations by increasing the input power (thereby increasing aso(O)). This is found to be true. 
B. Studies using long cavities
In this subsection, we perform sensitivity studies around the equilibrium solution using cavities of length 14.7 cm. This is done to check if long cavity lengths 14.7 cm and critical beam length is ",,300 cm).
Finally, we find results similar to ones obtained above even if we increase the cavity length further -to 22 cm and further to 38.5 cm.
SUMMARY
We have developed a discrete cavity model of a SWFEL incorporating drifts in between cavities. A new equilibrium solution was found for this model (when the electrons are well bunched) by varying the input beam energy as a function of bunch number. We performed sensitivity studies around this new equilibrium.
Remarkably similar sensitivities were observed irrespective of the cavity length.
Keeping the beam energy close to the equilibrium value for the initial part of the beam was found to decrease sensitivity to detuning by a significant amount. A higher value of the input beam energy also led to decreased sensitivity. Errors in beam current and reacceleration field magnitudes did not lead to any significant increase in signal phase fluctuations. Using these results, we have been able to find a set of parameters for which the SWFEL has a tolerable sensitivity to detuning. One result that should help in future studies is the observation that the continuous model and the discrete cavity model behave in a similar fashion. Table 1 . Three values of I:i.,oho are studied. Figure 2a shows the output energy per unit length W out and Figure 2b shows the wave phase </> as functions of z.
FIG. 3. Single-particle simulations of the continuous model for the nominal parameters given in Table 1 . Three values of I:i.'oho are studied. In these simulations, I:i.'oho is zero near the beam head and increases to the indicated value (0.5% or 1.0%) near s/Lb = 0.2. Figure 3a shows the output energy per unit length W out and Figure   3b shows the wave phase </> as functions of z. Figure 4a shows the output energy per unit length W out and Figure   4b shows the wave phase ¢ as functions of z. for the nominal parameters given in Table 1 . Three values of 6./0110 are studied. In these simulations, 6./ 0 110 is zero near the beam head and increases to the indicated value near sfLb = 0.2. Figure 6a shows the output energy per unit length W out and Figure 6b shows the wave phase 4> as functions of z.
FIG. 7. Single-particle simulations of the discrete cavity model (L c = 14.7 cm) for the nominal parameters given in Table 1 . This figure displays the variation of (6.4>)ma:r: ---e--------------------------....., ,.. ----..---y---,..--....---,..--r----.-----.,.r---........----.,r----.--- 
